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Description 



DYNAMIC THRESHOLD FOR VCO 
CALIBRATION 

Background of Invention 

[0001] The present invention relates to voltage controlled oscilla- 
tors (VCOs), especially VCOs and methods of setting VCOs 
to achieve a desirable locking condition. 

[0002] Voltage controlled oscillators (VCOs) are typically used in 
phase locked loops to provide a stable oscillator output 
which can be varied in frequency across large frequency 
ranges. For example, VCOs are utilized in receivers to 
provide a variable oscillator frequency for shifting down 
the frequency of an input signal having a variable center 
frequency. VCOs are also utilized in some transmitters to 
provide a variable oscillator frequency with which to shift 
up the frequency of a signal to a selected one of plurality 
of center frequencies. 

[0003] Figure 1 is a diagram illustrating a voltage controlled os- 
cillator 10 as arranged in a basic phase locked loop (PLL) 



12 according to the prior art. In tlie PLL shown in Figure 1, 
the output frequency f of the VCO is set by a frequency 

o 

select input FSEL to a divide by N circuit 14 which func- 
tions to divide the output frequency f down to a reference 

o 

frequency generated by a reference oscillator 16. The out- 
put of the divide by N circuit 14 and the reference oscilla- 
tor 16 are both input to a phase comparator 18, which 
outputs a signal representing frequency/phase difference 
between the two inputs. The difference signal 19 is pro- 
vided to a loop filter 20, which, in turn, outputs a control 
voltage 22 that controls the output frequency f of the 

o 

VCO 10. In such prior art PLL, the VCO output frequency f 

o 

is a multiple N of the output frequency of the reference 
oscillator. A calibration logic circuit 24 receives the VCO 
control voltage 22 and further controls operations of the 
VCO which result in locking the VCO 10. 
[0004] In addition to controlling the VCO through the control 
voltage input 22, many VCOs today provide additional 
granularity of control by separating the frequency range 
over which the VCO operates into a plurality of frequency 
bands. Then, the frequency band selection is changed as 
the VCO moves toward the locked condition. For example, 
the frequency band of the prior art PLL 12 is changed by a 



signal 26 output from the calibration logic circuit 24 when 
the control voltage 22 reaches a maximum value, and the 
VCO has not yet achieved lock. Such signal 26 is generally 
referred to as a "coarse calibration" signal. Sometimes, the 
coarse calibration signal is generated in response to the 
signal 19 output from the phase comparator 18 to the 
loop filter 20. 

[0005] An example of operation of the prior art VCO 10 will now 
be described. To change the VCO output frequency of the 
prior art VCO, the frequency select (FSEL) input to the PLL 
12 is changed. With reference to Figure 2, at that time the 
calibration logic 24 selects the lowest frequency band Bl 
of the VCO 10 to begin adjusting the VCO settings to- 
wards the desired output frequency f . In Figure 2, the 

o 

VCO output frequency f increases with the vertical scale 

o 

while the VCO control voltage 22 increases with the hori- 
zontal scale. The VCO control voltage is scanned from a 
lowest (negative voltage) setting 28 through the zero volts 
setting up to a highest (positive voltage) setting 30 while 
the calibration logic circuit 24 determines whether lock is 
achieved. As the highest frequency 32 reached by fre- 
quency band Bl is still lower than the desired output fre- 
quency f , a coarse calibration signal 26 is output from 

o 



the calibration logic circuit 24, whicli signal increments 
the frequency band to frequency band B2. The VCO con- 
trol voltage is then adjusted again beginning from the 
lowest setting and increasing towards the highest setting 
to seek an operating point at which the desired output 
frequency f is achieved. 

o 

[0006] This procedure is performed for each successive fre- 
quency band and control voltage value until a value of the 
VCO control voltage is reached at which the desired out- 
put frequency f is achieved. However, as shown in Figure 

o 

2, multiple values 32, 34 and 36 of the VCO control volt- 
age exist at which the desired output frequency f is 

o 

achieved, although each setting is associated with a dif- 
ferent frequency band setting of the VCO. For example, 
control voltage setting 32 lies on frequency band 3, while 
control voltage setting 34 lies on frequency band 4, and 
control voltage setting 34 lies on frequency band 5. Prior 
art procedures for determining frequency band and con- 
trol voltage settings at which to lock the VCO have been 
problematic. The problems will be described next, with 
reference to Figures 3, 4 and 5. 
[0007] A first such approach according to the prior art is illus- 
trated in Figure 3. In such approach, a search for appro- 



priate VCO settings begins from the lowest control voltage 
setting 40 of the lowest frequency band Bl. By operation 
of the phase locked loop 12, the control voltage is 
scanned upward within each frequency band, and the fre- 
quency band setting is increased one or more times, as 
needed, until a value 40 of the control voltage is reached 
which results in the desired output frequency f . Such 

o 

control voltage setting and frequency band setting result 
in the VCO settling at the output frequency f . However, 

o 

the calibration logic 24 has not yet determined the final 
settings to lock the VCO 12. 
[0008] It is desired that the VCO lock at a control voltage setting 
that is as close as possible to zero volts. Under such con- 
dition, the desired output frequency f can be most 

o 

quickly restored after noise and momentary spikes by the 
automatic action of the PLL In the approach illustrated in 
Figure 3, the VCO 10 selects an appropriate setting by re- 
quiring the control voltage 22 to turn negative before the 
PLL 12 is determined to have finally locked. As a result, 
the control voltage 40 is rejected as not an appropriate 
setting. The frequency band is then incremented to band 
B4, at which time a control voltage value 41 is reached 
which again results in the desired output frequency f . 



However, the control voltage value 41 Is rejected as being 
a positive value, even though the value 41 actually lies 
close to zero volts. Therefore, the frequency band Is In- 
cremented again to a higher frequency band B5. Eventu- 
ally, the control voltage value 42 is reached which results 
in the desired output frequency f and is a negative value. 

o 

However, this time the final control voltage value 42 lies 
farther from zero volts than the control voltage value 41 
that was reached in the lower frequency band B4. This il- 
lustrates a problem of the prior art approach in failing to 
reach a control voltage value near zero volts. 
[0009] Figure 4 illustrates VCO locking operation according to 
another prior art approach. In such approach, the VCO is 
not required to lock only at a negative control voltage 
value. Instead, fixed positive and negative threshold levels 
+Vt and Vt are provided, against which the control voltage 
value Is tested to determine whether an appropriate con- 
trol voltage setting has been reached. Again, the search 
for appropriate VCO settings begins from the lowest con- 
trol voltage setting 48 of the lowest frequency band Bl. 
As shown In Figure 4, a control voltage value 50 Is first 
reached which results In the desired output frequency f . 

o 

This value 50 Is then tested against the positive and neg- 



ative threshold levels +Vt and Vt. Since the value 50 lies 
outside of the range from to +Vt, it is determined to be an 
unsuitable setting. The frequency band is therefore incre- 
mented to a next higher band B4, and eventually a control 
voltage value 51 is reached which does fall within the 
range Vt to +Vt. Under such conditions, the calibration 
logic 24 of the VCO determines lock to have been 
achieved, and the control voltage and frequency band set- 
tings are therefore maintained from that time on. 
[0010] Figure 5 illustrates a problem with the approach described 
above relative to Figure 4. As shown in Figure 5, it hap- 
pens for some output frequencies f that there is no con- 

o 

trol voltage and frequency band setting that falls within 
the voltage range to +Vt between the fixed threshold lev- 
els. As shown in Figure 5, when the control voltage value 
61 is reached which first results in the desired output fre- 
quency f , the calibration logic 24 rejects that control 

o 

voltage value as unsuitable. The frequency band is then 
incremented, and an attempt is next made to lock the 
VCO 12 at the control voltage value 62. However, that 
value 62 lies below the lower threshold Vt. Therefore, 
value 62 is also rejected as being an unsuitable control 
voltage. As a result, the VCO is not permitted to remain at 



either of the two possible control voltage settings 61 and 
62, and fails to lock at any settings. 
[001 1] Accordingly, it would be desirable to provide a VCO which 
is operable to lock at a control voltage that is desirably 
close to zero. 

[0012] It would further be desirable to provide a VCO which is 
operable to lock at a control voltage falling between a 
lower threshold and an upper threshold. 

[0013] It would further be desirable to provide a VCO in which 
the range between the lower and upper thresholds is 
widened as needed to allow the VCO to lock at a desirable 
control voltage value. 
Summary of Invention 

[0014] A voltage controlled oscillator (VCO) is provided which in- 
cludes a threshold level setting circuit operable to set a 
lower variable threshold level and to set an upper variable 
threshold level. The VCO includes a frequency band selec- 
tion unit operable to adjust a frequency band setting of 
the VCO to one of a plurality of frequency band settings. 
The VCO further includes a comparator operable to deter- 
mine whether a control voltage of the VCO falls between 
the lower threshold level and the upper threshold level. 
The VCO further includes a threshold adjustment and call- 



bration circuit operable to maintain the frequency band 
setting wlien tlie control voltage falls between the lower 
and upper threshold levels. Otherwise, when the control 
voltage lies below the lower threshold level, the lower 
threshold level is adjusted downward and the upper 
threshold level is adjusted upward, and when the control 
voltage lies above the upper threshold level, the frequency 
band selection is incremented to a next higher level. 
Brief Description of Drawings 

[0015] Figure 1 is block and schematic diagram illustrating a 

phase locked loop including a voltage controlled oscillator 
(VCO) according to the prior art. 

[0016] Figures 2 through 5 illustrate calibration operations of 
VCOs according to the prior art. 

[0017] Figure 6 illustrates a calibration operation of a VCO ac- 
cording to an embodiment of the invention. 

[0018] Figure 7 is a block and schematic diagram of a phase 

locked loop incorporating a VCO according to an embodi- 
ment of the invention. 

[0019] Figure 8 is a schematic diagram illustrating a threshold 
adjustment and calibration circuit utilized in a VCO ac- 
cording to an embodiment of the invention illustrated in 
Figure 7. 



[0020] Figures 9 and 10 further illustrate VCO calibration opera- 
tions according to embodiments of the invention. 
Detailed Description 

[0021] According to embodiments of the invention, a method is 
provided for calibrating a voltage controlled oscillator 
(VCO) of a phase locked loop (PLL). In such method, con- 
trol input is provided to change the VCO output frequency 
and an interval of time is allowed for the VCO to stabilize 
at control voltage and frequency band settings which re- 
sult in the desired output frequency f . A signal repre- 

o 

senting the VCO control voltage is then compared to a 
lower threshold Vt and an upper threshold +Vt. When the 
signal representing the control voltage lies between the 
lower and upper thresholds, the frequency band selection 
of the VCO and the control voltage setting are maintained 
at the current values. This locks the VCO at the desired 
output frequency f . 

o 

[0022] However, if the control voltage setting is determined to be 
lower than the range Vt to +Vt of voltages between the 
thresholds, the lower variable threshold level is adjusted 
downwardly (and the upper threshold level is adjusted up- 
wardly as well). The calibration procedure is then begun 
again, starting from waiting an interval of time for the 



control voltage and frequency band settings to stabilize. 

[0023] On the other hand, when the control voltage lies above 
the upper threshold level, a higher frequency band is se- 
lected. The calibration procedure is then begun again 
starting from waiting an interval of time for the control 
voltage and frequency band settings to stabilize. In either 
case, the calibration procedure is continued until defini- 
tive settings of the control voltage and frequency band 
settings are reached at which the VCO is desirably locked. 
Finally, the VCO stabilizes at a value of the control voltage 
which is desirably close to zero volts. 

[0024] Figure 6 illustrates a principle of operation according to 

an embodiment of the invention. As illustrated in Figure 6, 
the VCO operates over a plurality of frequency bands Bl 
through B6, in which control voltage is variable from a 
lowest negative value 63, through zero volts to a highest 
positive value 68. As in the locking approach described 
above with respect to Figures 4 and 5, the VCO is de- 
signed to lock at a control voltage which falls between a 
lower threshold Vt and an upper threshold +Vt. However, 
the lower threshold Vt and the upper threshold +Vt are 
both variable in magnitude. The variable thresholds per- 
mit the locking range Vt to +Vt to be widened just to the 



values 64, 66 sufficiently to permit the VCO to lock at a 
control voltage value which is closer to zero volts than any 
other control voltage setting that results in the desired 
output frequency f . 

o 

[0025] As Illustrated In Figure 6, the search for appropriate VCO 
settings begins from the lowest control voltage setting 63 
of the lowest frequency band Bl. The lower and upper 
threshold levels are set to initial settings Vt It 64 and +Vt 
at 66. As shown In Figure 6, a control voltage value 65 Is 
first reached within frequency band B2 which results In 
the desired output frequency f . This value 65 Is tested 

o 

against the positive and negative threshold levels +Vt and 
Vt. Since the value 65 lies above the highest threshold 
voltage +Vt, It Is determined to be an unsuitable setting. 
The frequency band is therefore incremented to the next 
higher band B3, at which time a control voltage value 67 
is reached which results in the desired output frequency f 

o 

but falls below the lower threshold Vt at 64. At this time, 
however, a change is made to the threshold levels to as- 
sure that the control voltage 67 falls within the range of 
the lower and upper thresholds. Accordingly, the lower 
threshold Vt is decreased from its original setting to the 
lower voltage 74 while the upper threshold +Vt is in- 



creased from its original setting to the higher voltage 76. 
[0026] In a preferred embodiment, the range between the lower 
threshold Vt and the upper threshold +Vt is widened in- 
crementally, just to the point needed to accommodate the 
control voltage setting at which the desired output fre- 
quency f has been attained. In such manner, the range is 

o 

not widened excessively to the point at which multiple 
VCO settings are encompassed. For example, on a first 
pass after determining that the control voltage does not 
fall within the range of threshold levels, the range is in- 
crementally widened in each direction. Then, if the control 
voltage value still does not fall within the range of thresh- 
old levels, the range is incrementally widened again in 
each direction. 

[0027] In order to implement the VCO calibration method de- 
scribed herein with respect to Figure 6, it is necessary to 
provide a way of varying the lower and upper threshold 
levels Vt and +Vt, and a way of determining how the con- 
trol voltage value compares to the variable lower and up- 
per threshold levels. Figure 7 illustrates a phase locked 
loop arrangement (PLL) 112 including a VCO 110 and 
threshold adjustment and calibration logic 124 according 
to an embodiment of the invention. PLL 112 differs from 



the prior art PLL 12 in tlie content and function of tlie cal- 
ibration circuitry 124. Tlie calibration circuitry 124 has a 
function of comparing the VCO control voltage 122 to a 
lower threshold -Vt and an upper threshold +Vt to deter- 
mine if the control voltage has reached a suitable value at 
which the VCO can remain locked. The calibration circuitry 
124 also has a function of widening the range between 
the lower and upper thresholds when needed for the VCO 
control voltage 122 to fall between the lower and upper 
thresholds. 

[0028] A schematic diagram illustrating threshold adjustment / 
calibration circuitry 124 according to an embodiment of 
the invention is illustrated in Figure 8. As shown in Figure 
8, the circuitry 124 includes an operational amplifier 130, 
a first linear amplifier 132, a second linear amplifier 134, 
two voltage comparators 136 and 138 and a digital to 
analog converter 140 providing a converted analog cur- 
rent output (IDAC) rather than a voltage output. The VCO 
110 operates with respect to a control voltage 122 pro- 
vided thereto as differential signals on a pair of conduc- 
tors. The calibration circuitry 124 is arranged to receive 
the VCO control voltage as a pair of differential signals 
VCP and VCN input at linear amplifier 134, and is further 



arranged to receive a common mode VCO control voltage 
VCMV representing the average of the two differential sig- 
nals VCP and VCN at the input to operational amplifier 
130. 

[0029] The operational amplifier 130 functions to maintain the 
node 131 at a constant common mode voltage level 
VCMV. Voltage VCMV represents the center or zero volt 
position of a range of voltages over which the control 
voltage 122 swings. The node 131 is maintained at the 
voltage VCMV, and the voltages at node A and node B are 
referenced to that voltage VCMV, such that VCMV lies 
halfway between the voltage at node B and that at node A. 
The outputs of the linear amplifier 132 are the upper 
threshold +Vt and the lower threshold Vt, generated from 
the voltages at node A and at node B, respectively. 

[0030] The actual separation in volts between the voltages at 

node B and at node A is determined by a combination of 
the resistances Rl between node 131 and each of the 
nodes A and B, and by the amount of current which is 
drawn by the IDAC 140 through the resistances Rl. Stated 
another way, the separation between the voltages at node 
B and at node A is controlled by varying the current flow 
of the IDAC 140. The amount of current drawn by the 



IDAC 140 through the resistors Rl is controlled by the 
four bits VRSEL0-VRSEL3 that are input to the IDAC 140. 
The four-bit control enables the current output of the 
IDAC 140 to have as many as sixteen different values, 
thus allowing the voltage threshold levels +Vt and Vt to 
have as many as sixteen different values. 
[0031] Comparators 136 and 138 determine whether or not the 
VCO control voltage 122 falls within the range of voltages 
Vt to +Vt. The linear amplifier 134 operates to convert the 
VCO control voltage signal 122, received as a pair of dif- 
ferential signals VCP and VCN, to a single-ended signal 
135 representative of the VCO control voltage. That sin- 
gle-ended signal 135 is provided to the positive inputs of 
the two comparators 136 and 138. Comparator 136 then 
compares the single-ended signal 134 representing the 
VCO control voltage to the upper threshold (+Vt). As illus- 
trated in Figure 9, the output 137 of comparator 136 is a 
step function which transitions from low ("0" ) to high ("1") 
when the single-ended signal 135 exceeds the upper 
threshold +Vt. 

[0032] Comparator 138 compares the single-ended signal 135 
representing the VCO control voltage to the lower thresh- 
old (-Vt). The output 139 of comparator 138 is also a step 



function (Figure 9) wliich transitions from low ("0" ) to 
high ("1") when the single-ended signal 135 exceeds the 
lower threshold In such manner, the two comparators 136 
and 138 provide outputs 137 and 139 representing 
whether the VCO control voltage exceeds the lower 
threshold Vt and whether the VCO control voltage exceeds 
the upper threshold +Vt, respectively. As best shown in 
Figure 9, the outputs 137 and 139 together represent 
whether the VCO control voltage 122 falls below the range 
Vt to +Vt (output state "00"), within the range Vt to +Vt 
(output state "01"), or exceeds the range (output state 
"11"). 

[0033] Figure 10 is a flowchart illustrating a method of calibrat- 
ing the VCO 110 according to an embodiment of the in- 
vention. As illustrated with respect to Figure 10, the 
method begins by setting the VCO to establish a desired 
output frequency f , and then waiting for a sufficient pe- 

o 

riod of time, e.g. 50 usee, for the VCO to reach a fre- 
quency band and control voltage setting at which the de- 
sired output frequency is achieved. As described above 
with respect to Figure 6, operation begins from a lowest 
frequency band setting and lowest control voltage value. 
After the waiting interval, the outputs 137 and 139 are 



tested in block 204 to determine wliether the VCO control 
voltage falls within or outside of the range Vt to +Vt 
within which it is desirable to lock the VCO. If the com- 
parator outputs 137 and 139 are "01", respectively, this 
indicates that the VCO control voltage 122 does fall within 
the range Vt to +Vt. Accordingly, under such condition, 
the calibration is determined to be complete, and the cali- 
bration procedure is ended at block 205. 
[0034] However, if the outputs 137 and 139 are not "01", respec- 
tively, then a further comparison is made at block 206 to 
determine whether the outputs 137, 139 are "00". If the 
outputs do show "00" respectively, the VCO control volt- 
age falls below the lower voltage threshold Vt. In re- 
sponse, the magnitude of the threshold level Vt is incre- 
mentally increased, as indicated at block 208. Referring 
again to Figure 8, the threshold levels are incrementally 
widened by changing the values of the bits 
VRSEL0-VRSEL3 input to the IDAC 140. With the four-bit 
control thus provided, the threshold levels are changed 
between to one of sixteen possible levels. At this time, the 
frequency band is reset again to the lowest setting (block 
209) such that the search for appropriate settings to lock 
the VCO is begun again from a lowest frequency band and 



control voltage setting. 
[0035] Provided that Vt does not now exceed its maximum value 
(block 210), the calibration circuitry 124 waits again, at 
block 202, a 50 Msec interval of time for the VCO to reach 
a frequency band and control voltage setting which results 
in the desired output frequency f . Then, at block 204, the 

o 

outputs 137, 139 are tested to determine if they show a 
state of "01". If they do, the VCO is determined to be 
locked at an appropriate condition, and the procedure 
therefore stops at block 206, the calibration being deter- 
mined to have completed. However, if the outputs 137, 
139 do not show a state of "01", then the outputs are 
tested, at block 206, to determine whether they show a 
state of "00". This time, it is assumed that the outputs 
137, 139 do not show a state of "00", but in fact show the 
state of "11", respectively. 
[0036] Such output state indicates that the VCO control voltage 
122 lies above the upper threshold +Vt which delimits the 
allowed lock range for the VCO. Under such condition, the 
calibration circuit 124 responds by incrementing the fre- 
quency band, as indicated at 212. Then, so long as the 
value of the frequency band does not exceed the maxi- 
mum value, at block 214, an attempt is made again to 



find appropriate VCO settings using tliat frequency band 
selection. Tlie calibration procedure begins again from 
step 202 in which the circuitry 124 waits 50 \xsec for a 
control voltage setting to be reached at which the VCO is 
locked. 

[0037] Figure 10 also illustrates a result when Vt is increased to a 
point exceeding its allowed maximum value. Testing is 
performed at block 210 to determine whether such is the 
case, and if so, an error is declared at block 216. An error 
handling routine is then performed, which results in re- 
setting the threshold voltage Vt to a low setting or mid- 
range setting, resetting the frequency band to a lowest 
band, and beginning the calibration procedure again, from 
the step of waiting 50 usee for the control voltage to sta- 
bilize. 

[0038] Figure 10 also illustrates a condition in which the fre- 
quency band is incremented to a point which exceeds its 
maximum value. Testing is performed at block 214 to de- 
termine whether such is the case. If so, an error is de- 
clared at block 216. Again, an error handling routine is 
then performed, which results in resetting the frequency 
band, and resetting the threshold voltage Vt to a low set- 
ting or mid-range setting. The calibration procedure is 



then begun again, beginning from tlie step of waiting 50 
Msec for a control voltage to be reached at which the de- 
sired output frequency f is attained. 

o 

[0039] Such calibration procedure continues as shown in the 
flowchart illustrated in Figure 10 until a frequency band 
setting and a control voltage setting are reached at which 
the desired output frequency f is attained. These are ac- 

o 

complished while incrementing the range of threshold 
voltages Vt to +Vt to a size just large enough to accom- 
modate a unique combination of a control voltage setting 
and frequency band setting which are desirably close to 
the midpoint of the control voltage range, i.e. zero volts. 
[0040] While the invention has been described in accordance with 
certain preferred embodiments thereof, those skilled in 
the art will understand the many modifications and en- 
hancements which can be made thereto without departing 
from the true scope and spirit of the invention, which is 
limited only by the claims appended below. 



